ABSTRACT Oxidation of CO into CO 2 is a major solution to reduce CO emission into the atmosphere and to remove CO in fuel gas cleanup. Furthermore, CO oxidation serves as a prototypical reaction for heterogeneous catalysis. This review provides an overview and an update on how to study catalytic CO oxidation at a strictly molecular level by performing wellcontrolled gas-phase experiments in combination with quantum chemistry calculations. The advances in the unique catalytic reactivity of single-atom cluster catalysts are emphasized. The catalytically active sites and various mechanistic aspects in the redox couples N 2 O/CO and O 2 /CO for the seemingly simple oxidation reaction are described.
INTRODUCTION
Heterogeneous metal catalysis usually occurs on the surface of a solid material, in which metal components are finely dispersed on a high-surface-area support [1] . The size of metal particles has a great influence on the catalytic performance [2, 3] . Smaller metal particles have higher surface free energies, and the metal sites become more active for chemical interactions with the supports and adsorbates [4] [5] [6] [7] [8] [9] . An example of such size effect is that gold is chemically inert as bulk material, while dispersed gold particles with nanometer sizes exhibit remarkable catalytic activity [4, 10] . A lot of efforts have been devoted to improving the performance of supported metal catalysts by downsizing the metal particles. The ultimate small-size limit for the metal catalysts is the single-atom catalyst (SAC), which contains isolated metal atoms singly dispersed on the supports [2, 11] . The SACs maximize the efficiency of metal atom use and offer great potential for optimizing the activity, selectivity, and stability. Inspired by the successful preparation of Pt 1 /FeO x that exhibits extraordinary catalytic reactivity in CO oxidation [12] , many SACs have been designed to promote a variety of heterogeneous reactions, for example, hydrogenation reactions, water-gas-shift reactions, electro-catalytic reactions, and so on. For the rational design of good-performing catalysts, it is important to identify the active sites and understand the mechanisms of catalysis at a molecular level. However, it is extremely challenging to characterize the chemical processes such as the elementary steps involved with dispersedly supported metal atoms in the condensed-phase systems.
Atomic clusters are composed of limited numbers of atoms, and they are experimentally and computationally tractable systems [13] [14] [15] [16] [17] [18] [19] . Investigations on cluster reactions in the gas phase can probe the mechanisms of both elementary steps and catalytic cycles under well-controlled and reproducible conditions, thus providing an opportunity to explore the function of SAC or, more generally, to help identify the active parts of single-site catalysts [20] [21] [22] , the so-called "aristocracies of atoms" [23] . In this review, we survey the catalytic reactivity of gas phase atomic clusters toward CO oxidation to identify the catalytically active parts and uncover the electronic level mechanisms. CO is one of the most common and widely distributed air pollutants. The conversion of CO into CO 2 is of practical importance to reduce CO emission into the atmosphere and to remove CO in fuel gas cleanup. Furthermore, catalytic CO oxidation is a prototypical reaction in heterogeneous systems and represents one type of the well studied reactions in gas-phase catalysis. Many review articles for gas-phase cluster reactivity touched the topic of CO oxidation [15, [24] [25] [26] [27] [28] . Considering that the research progresses in the studies of CO oxidation by gas-phase clusters have been recently made, we go through the related publications and try to elucidate the mechanistic aspects of the genuine gasphase catalytic cycles, with an emphasis on cluster-confined single-atom catalysts. The experimentally identified catalytic systems for CO oxidation mediated by bare metal species, metal oxides, metal complexes, or metalfree oxides in the gas phase are listed in Table 1 .
CATALYTIC OXIDATION OF CO BY N 2 O
N 2 O is a potent greenhouse gas and can exacerbate the depletion of stratospheric ozone [63] [64] [65] . Conversion of N 2 O into N 2 is of particularly practical importance. CO was one of the first gases investigated for eliminating N 2 O from automobile exhaust gas (N 2 O + CO → N 2 + CO 2 ). Though the redox reactions are quite exothermic, they do not occur spontaneously at either ambient or raised temperature because of the high activation barriers exceeding 197 kJ mol −1
. Therefore, catalysts are necessary to exploit the new pathways with lower barriers. Kappes and . In contrast, it is both thermodynamically and kinetically unfavorable for the V=O t moiety of AlVO 4 + to provide an oxygen atom in the oxidation of CO. Recently, gas-phase infrared photo-dissociation spectroscopy unambiguously identified the active site in the AlVO n + /CO/N 2 O (n = 3, 4) redox couples ( Fig. 1) [42] . The experimental results confirm the theoretical prediction that the Al-O t rather than the V-O t unit catalyzes the reaction.
The efficient OAT reactivity is important to catalyze CO oxidation. Notably, besides the metal-containing clusters mentioned above, the metal-free oxide ions Si 2 O n + (n = 2-5) were recently reported to be capable of mediating three consecutive OAT from N 2 O to CO ( Fig. 2 ) [47] . Theoretical investigations showed that the existence of atomic radical anion O − is crucial for the consecutive OAT processes. The whole redox process is further promoted by the strong electrostatic interaction between the cluster ions and the substrates.
CATALYTIC OXIDATION OF CO BY O 2
Owing to the much stronger The active sites of real-life catalysts could be positive, negative, or neutral in nature. During the past decades, the gas-phase studies of catalytic CO oxidation mainly focused on charged (positive or negative) species, while the neutral catalytic systems were scarcely reported. It has been demonstrated that the cluster charge state can significantly affect the reactivity and reaction mechanisms [76] [77] [78] . Therefore, the investigations on the reactivity of neutral species play a crucial role on understanding the catalytic CO oxidation. However, it is technically challenging to investigate neutral oxide species because it is difficult to ionize and detect neutral oxides without fragmentation in mass spectrometric studies. [79] .
In [57] is of importance to reveal the molecular-level reaction mechanisms for related SACs using gold in the condensed-phase studies. . . . . . . . . . . . . . . . . . . . . . 
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Besides the supported single Au atom catalysts, other NM atoms, such as Pt [82, 83] , Ir [84, 85] , Ru [86] , Rh [87, 88] , and Pd [89] , are also being actively studied, while the NM-free single atom catalysis of CO oxidation by O 2 has not been experimentally identified in the condensedphase studies. Recently, the single copper atom doped clusters CuAl 4 O 7-9 − [60] have been demonstrated to catalyze CO oxidation in the gas-phase, which represent the first group of NM free SACs in the field of single atom catalysis. Fig. 4 shows that after the interaction of CuAl 4 O 9 − with low pressure CO, only CuAl 4 O 9 CO − can be identified (Fig. 4b) . With the increase of CO pressure (Fig. 4c, d . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (Fig. 7b) . The CO 2 evaporation from the cluster species typically releases electrons (or negative charges) that are stored originally in the CO 2 − unit. A subtle difference in composition of catalysts will result in great changes in the reactivity, selectivity, or sta- The DFT calculations [62] show that the lowest-lying isomers of the MVO 5 − clusters have similar geometrical structures, while their electronic structures are remarkably different. During CO oxidation, the orbitals of donating (an occupied orbital) and accepting (an unoccupied orbital) electrons are defined as the active orbitals. The reaction enthalpy (∆H at 0 K) for CO oxidation is highly dependent on the energy gap (∆E) of the active orbitals, and a relatively larger ∆E value generally corresponds to a thermodynamically less favorable oxidation reaction (Fig. 9 ). The conclusion also works for CO oxidation by MVO 4 − clusters. The doped clusters 
CONCLUSION AND OUTLOOK
This review summarizes the recent progress in the investigations of catalytic CO oxidation by gas phase atomic clusters, and the unique catalytic performance of the single-atom cluster catalysts is highlighted. The cluster reactivity in CO oxidation can be strongly affected by doping (each atom counts), charge states, metal oxidation states, CO adsorption (CO self-promoted mechanisms), and other issues such as reaction temperature and pressure. The electronic and energetic aspects from quantum chemistry calculations usually support and interpret the experimental findings. In addition, the gas-phase cluster studies during the past two years have discovered the first groups of NM free catalysts for CO oxidation by O 2 under thermal collision conditions. The fundamental mechanisms behind the interesting results are helpful in the design of cost-effective heterogeneous catalysts for both CO oxidation and O 2 reduction. The reported catalytic cycles for CO oxidation by gas phase atomic clusters are far from systematic. Most (>95%) of the experimentally generated atomic clusters are not catalytic toward CO oxidation under thermal collision conditions and it is thus practically difficult to identify new cluster catalysts.
To accelerate the experimental identification of new catalytic cycles, more efficient and reliable theoretical predictions and new experimental methods are very helpful. For example, the successful application of machine . . . . . . . . . . . . . . . . . . . . . 
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8 learning in cluster science may accelerate the discovery of cluster catalysts. The development of new cluster sources to generate more intense atomic clusters, particularly the hetero-nuclear clusters with more than two metal elements will also be helpful.
